We studied transport and binding to intact chloroplasts of 10 mutants in three regions ofthe transit peptide of a precursor to the small subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase [3-phospho-D-glycerate carboxy-lyase (transphosphorylating), E.C. 4.1.1.39]. Transport was assayed in a reconstituted system using isolated pea chloroplasts and radioactively labeled precursor. Binding to the chloroplast envelope was assayed in a similar manner using chloroplasts pretreated with nigericin. Most mutants showed a dramatically decreased capacity of binding, although some of them transported relatively well. The accumulation ofthe mutant proteins inside the chloroplast as a function of time was examined. Although the authentic small subunit precursor was imported rapidly, uptake of most mutant precursors was considerably slower and continued until the last time point examined. In terms of assigning functions to individual regions, we found that at least the middle region and parts of the amino and the carboxyl termini of the transit peptide are more important for receptor binding than for translocation. A two-step processing mechanism has been postulated for the maturation of the small subunit precursor. This model predicts the occurrence of processing intermediates. When precursors carrying carboxylterminal deletions were presented to the chloroplast, no defined intermediates could be detected. Instead, a number of proteins, probably resulting from aberrant processing, accumulated simultaneously inside the chloroplasts.
The small subunit (SSU) of ribulose 1,5-bisphosphate carboxylase/oxygenase [3-phospho-D-glycerate carboxylyase (transphosphorylating), E.C. 4.1.1.39] is one of the proteins that are synthesized in the cytoplasm and transported posttranslationally into the chloroplast in an energydependent process (1, 2) . All known proteins transported into the chloroplast are synthesized as a precursor consisting of the mature protein and an amino-terminal extension, the transit peptide (3) (4) (5) (6) (7) . The transit peptide is proteolytically removed upon transport and plays a major role not only in mediating import of the precursor into the correct organelle (8) (9) (10) (11) (12) but also in its subsequent localization within the chloroplast (13) .
The SSU precursor has been studied in great detail. From results obtained with chemically modified SSU precursor or with partially purified processing enzyme, a two-step maturation process has been postulated (14) . Also, a SSU precursor of the green algae Chlamydomonas is imported by pea chloroplasts and processed incompletely at a site apparently identical with the postulated site of the first-stage processing (15) . Many SSU genes from different organisms have been sequenced. By comparing the transit peptide sequences of these genes with those of other proteins transported into the chloroplast, three domains have been suggested as important in chloroplast transport (2, 16) . These domains are located at the extreme amino and carboxyl termini and in the middle region of the transit peptide. To test the significance of these three domains experimentally, we (11, 12, 17, 18) and others (19) introduced mutations into the transit peptide of SSU encoded by gene ss3.6 from pea, Pisum sativum (20) . We showed that this transit peptide contains two different and separated essential regions. Both the amino and the carboxyl termini were required for transport, whereas the middle region, despite its evolutionary conservation, appeared to play only a subordinate function.
Transport can be divided into three different theoretical steps, each involving the transit peptide. The precursor is directed to the appropriate organelle and contacts a receptor (21, 22) . Therefore, the first function must be a targeting and binding function. Once the precursor has been bound, the protein is translocated. Thus, the second function of the transit peptide is aiding the precursor across the membrane. The third step in import of the SSU precursor is its processing to the mature form. The signal necessary for correct processing lies entirely within the carboxyl-terminal 13 amino acids (18) .
In this contribution we addressed the following questions. Can a specific function like binding, translocation, or processing be assigned to one of the regions defined earlier by deletion-mutation analysis? Deletion mutations in the carboxyl-terminal region of the transit peptide generate a series of incompletely processed polypeptides. Whether these additional polypeptides result from a multistep mechanism or represent the products of aberrant cleavage is unclear (17, 18) . To answer these questions, we analyzed the 10 mutant precursors for their capacity to bind to the chloroplast surface and for their transport competence as a function of time in a reconstituted system.
MATERIALS AND METHODS
Precursor Synthesis. Synthetic mRNA was obtained from described plasmids (17, 18) by transcription with SP6 polymerase (23) . Radioactively labeled precursor proteins were obtained by translation of synthetic RNA in wheat germ extracts in the presence of [35S]methionine (24) .
Transport Experiments. Chloroplasts were isolated from young pea plants Pisum sativum, variety Progress No. 9 and purified on a Percoll gradient prepared in 1x grinding buffer (25) by high-speed centrifugation (26) . The chloroplasts were suspended in sorbitol/Hepes buffer (25) at a final concentration of chlorophyll of 4 mg/ml; the chlorophyll concentration was determined according to Arnon (27) .
Standart transport experiments were done as described (11, 25) . A 300-,lI reaction contained 20 of chlorophyll per ml. The reaction mixture was incubated in light at 20'C for 60 min. After incubation, the chloroplasts were collected by centrifugation and purified by repeated washing with sorbitol/Hepes buffer. The reaction mixture was divided. One aliquot was protease-digested using thermolysin as described (28) and then lysed; the other one was lysed directly. Binding Assays. Binding assays were performed as described (28) . Nigericin was added at a final concentration of 400 nM to a standard transport reaction mixture from which the precursors were omitted. The mixture was preincubated for 10 min in the light, and then the precursors were added. After a 60-min incubation, samples were treated as described for the transport reactions with the exception that all solutions contained 400 nM nigericin.
Time Kinetics. Individual transport reaction mixtures were incubated in light for the time intervals given in Figs. 3 and 4. The reactions were terminated by addition of ice-cold sorbitol/Hepes buffer containing 400 nM nigericin (28) and left on ice. The chloroplasts were collected, purified, and digested with thermolysin as described above.
Analysis of Proteins. Proteins were analyzed on 15% polyacrylamide gels containing NaDodSO4 (29) . Radioactively labeled proteins were visualized by fluorography using EN3HANCE (DuPont) (28) . Intact isolated chloroplasts pretreated with the uncoupler nigericin lose the capacity to import proteins. However, the precursors remain specifically bound to the chloroplast surface. To determine both the transport and the binding capacity of the same precursor preparation, transport and binding were assayed in one and the same experiment. To discriminate whether radioactively labeled protein copurifying with the chloroplasts is located inside the chloroplasts or attached to the organelle surface, protease protection experiments were performed.
The amino acid sequences of the authentic and of the 10 mutant precursors (17, 18) used in the experiments are shown in Fig. 1 . Radioactively labeled precursor proteins were obtained by SP6 polymerase transcription and translation in wheat germ extracts. Intact chloroplasts were isolated from pea, and the transport and binding experiments were performed as described. An aliquot of each reaction mixture was protease treated, and the precursor and chloroplast proteins were analyzed on polyacrylamide gels containing NaDod-S04.
The result of these experiments is shown in Fig. 2 . The translation products obtained in the wheat germ system contained predominantly the desired precursor, although occasionally additional proteins appeared. These extra proteins, which might result from abnormal initiation or termination of transcription or translation, were neither bound to nor transported into chloroplasts to any significant extent and therefore had no influence on the experiment. To quantitate the results shown in Fig. 2 analyzed by microdensitometry, and the transport and binding efficiencies were calculated; these data are listed in Table 1 .
The import efficiency of the authentic SSU precursor varied between 50% and 80% in different experiments. The exact values for transport and binding efficiencies obtained for the mutants varied also between different experiments similarly. In a typical transport experiment, the authentic SSU precursor was imported to -65% by the chloroplasts. About 33% of the SSU precursor offered to the chloroplasts in the binding assay was recovered with the chloroplasts. Protease protection experiments revealed that this form is bound to the surface of the chloroplast because it was digested by externally added protease. The bound form of the mutant precursors was also sensitive to protease in a similar fashion (data not shown).
The different values obtained in the transport (65%) and in the binding assays (33%) might appear puzzling; however, they simply reflect the experimental conditions chosen. In a transport experiment, several precursor molecules can pass the same receptor, whereas in the binding assay the precursor is bound to the receptor and therefore only as many precursor molecules as receptor molecules present in the assay can be recovered. Nigericin does not inhibit transport completely (28) . This is also evident from the slight amount of mature protein visible in some lanes representing binding experiments (Fig. 2B pSSU and i6/25 lanes) .
Two of the 10 mutants examined, PSdi6/25 and PSd58, are virtually identical to the authentic SSU precursor in their binding and transport capacities. The partial duplication of the transit peptide or the deletion of the first amino acid of mature SSU, methionine, apparently does not interfere with any of these processes. All other mutants are impaired considerably in binding function. Mutants in which both binding and transport are severely affected and mutants that bind weakly but transport relatively well can be distinguished. Transport and binding are correlated, and both are rather inefficient with the amino-terminal mutants PSdl/24, PSd6/25, and PSd6/29 and with the two carboxyl-terminal mutants PSd42/58 and PSd45/57. The mutants that are bound poorly but transported well represent relatively small deletions located either at the extreme amino or at the carboxyl terminus or in the central region of the transit peptide. Removal of only five amino acids from the amino terminus reduces binding to almost the level of mutant PSd6/25. However, transport of this mutant is only moderately impaired. The same applies to PSd26/35, although this deletion is nine amino acids in size. Particularly interesting is PSd48/ 57-this mutant is heavily affected in processing but not in transport. Nevertheless, this mutant has almost entirely lost its capacity to bind to the chloroplast surface.
Time Kinetics. Intact pea chloroplasts were incubated with radioactively labeled precursors in light for the time intervals indicated in Fig. 3 . The chloroplasts were recovered, washed, and protease-digested, and the chloroplast proteins were analyzed by polyacrylamide gel electrophoresis. Results are shown in Fig. 3 ; the data obtained by quantitation of these gels are listed in Table 2 .
The authentic SSU precursor was almost completely taken up by the chloroplasts after 5 min. In a shorter exposure than that shown, a slight increase between the 5-and 15-min time points was visible (data not shown). The imported and matured SSU was fairly stable over the remaining time period, because no appreciable decrease in signal strength was seen for up to 60 min. Two of the 10 mutants examined, Fig. 3 ) and PSd26/35, although the amount transported during this time was considerably less than that obtained with authentic SSU. The transported form of all the aforementioned mutants continued to accumulate constantly inside the chloroplast up to 60 min. Mutant PSd48/57 was transported considerably faster than all the other larger deletion mutants (Fig. 3B ). An appreciable amount of product had already accumulated after 5 min, and transport was almost completed at the 15-min time point. This indicates that the transport function in this transit peptide is not severely affected by the mutation, although the mutation interferes drastically with the processing function.
Because the authentic SSU precursor and some mutants are transported very rapidly, the time course experiments described above might not be suited to resolve subtle differences in the initial rates of transport. Therefore, import experiments using short time intervals were performed with these mutants. The results of these experiments are shown in Fig. 4 .
With the authentic SSU precursor, mature SSU was not detected to a significant extent before the 2.5-min time point. At the 5-min time point, about twice the amount found after 2.5 min was transported. Hence, these experimental conditions allow the determination of initial transport rates. PSi6/25 and PSd58 were imported as rapidly as the authentic SSU precursor. Therefore, these mutants are not even moderately impaired in their transport function. PSi6/25 may even be imported slightly faster than the authentic SSU precursor. In this respect we note that the PSi6/25 transit peptide leads to an enhanced import when connected to a foreign passenger protein (11) . With mutant PSd48/57, transported protein can be detected only after longer exposure times. As expected from the time course experiment shown in Fig. 3 , transport of this mutant precursor was clearly slower than that of the authentic SSU precursor. However, transport could already be detected after a 2.5-min incubation time. The most prominent protein species detected after 0.5 or 1 min of incubation migrated faster than mature SSU. These proteins were most likely derived from precursor that may have been bound to, or partially translocated into, the chloroplasts at the initial stages of transport and therefore could not be completely digested in the protease treatment step. Similar protein species were also detected in the binding experiments after protease digestion.
All precursors carrying larger deletions at the carboxyl terminus of the transit peptide were processed incorrectly. All In conclusion, our results identify regions in the transit peptide in which predominantly binding or receptor recognition is localized. These regions are the extreme ends and the middle of the transit peptide. In addition, the carboxylterminal end of the transit peptide also contains a processing function. All other regions appear to operate both in binding and translocation. No region exclusively involved in translocation could be detected.
The three carboxyl-terminal mutants PSd42/58, PSd45/57, and PSd48/57 are affected in processing, as shown by abnormally cleaved products upon transport. However, whether these proteins result from a two-step processing mechanism (14) or are the products of aberrant processing remained to be answered. We addressed this question by following the kinetics of import of these precursors. For a two-step mechanism, the product of the first cleavage would be predicted to appear first; unspecific degradation would occur later. Therefore, a precursor-to-product relationship should be apparent in the time course experiments. Alternatively, in a one-step process involving aberrant cleavage, all the imported proteins would be expected to appear simultaneously inside the chloroplast. With all three carboxylterminal deletions, no precursor-to-product relationship was detected in the time course-uptake experiments; instead, the proteins all appeared inside the chloroplast in a coordinate fashion. This then is the expected outcome if the SSU precursor were processed in a single step and the additional products resulted from aberrant cleavage. Therefore, we propose that the alternative explanation, aberrant processing, has to be seriously considered.
